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Abstract 26 
Biological activity introduces variability in element incorporation during calcification and 27 
thereby decreases the precision and accuracy when using foraminifera as geochemical proxies 28 
in paleoceanography. This so-called 'vital effect' consists of organismal and environmental 29 
components. Whereas organismal effects include uptake of ions from seawater and 30 
subsequent processing upon calcification, genetic and ontogeny, environmental effects 31 
include migration- and seasonality-induced differences. Triggering asexual reproduction and 32 
culturing juveniles of the benthic foraminifer Ammonia tepida under constant, controlled 33 
conditions allows environmental and genetic variability to be removed and the effect of cell-34 
physiological controls on element incorporation to be quantified. Three groups of clones were 35 
cultured under constant conditions while determining their growth rates, size-normalized 36 
weights and single-chamber Mg/Ca and Sr/Ca using laser ablation-inductively coupled 37 
plasma-mass spectrometry (LA-ICP-MS). Results show no detectable ontogenetic control on 38 
the incorporation of these elements in the species studied here. Despite constant culturing 39 
conditions, Mg/Ca varies by a factor of ~4 within an individual foraminifer while intra-40 
individual Sr/Ca varies by only a factor of 1.6. Differences between clone groups were similar 41 
to the intra-clone group variability in element composition, suggesting that any genetic 42 
differences between the clone-groups studied here do not affect trace element partitioning. 43 
Instead, variability in Mg/Ca appears to be inherent to the process of bio-calcification itself. 44 
The variability in Mg/Ca between chambers shows that measurements of at least 6 different 45 
chambers are required to determine the mean Mg/Ca value for a cultured foraminiferal test 46 
with a precision of ≤10%. 47 
 48 
Key words: Benthic foraminifera, Mg/Ca, Sr/Ca, Laser ablation ICP-MS, Inter-individual 49 
variability, Intra-individual variability 50 
 51 
1. Introduction 52 
Incorporation of various trace elements into foraminiferal calcite is affected by environmental 53 
parameters and therefore, calcitic element/calcium ratios are widely used to reconstruct 54 
marine paleoenvironments. For example, foraminiferal Mg/Ca ratios have been shown to be 55 
primarily correlated with seawater temperature (e.g. Nürnberg et al., 1996) and are used in 56 
combination with test calcite δ18O to reconstruct paleo-seawater δ18O (e.g. Elderfield and 57 
Ganssen, 2000; Lear et al., 2000), and estimate salinity. Elevated Mg-incorporation into 58 
calcite at higher temperatures has also been reported from inorganic precipitation experiments 59 
(Mucci, 1987; Oomori et al., 1987). However, the relative increase in Mg/Ca with 60 
temperature for foraminifera is greater than reported for inorganically precipitated calcites 61 
(~10% per ºC compared to <5% per ºC, respectively), suggesting that foraminiferal Mg/Ca is 62 
largely controlled by biological activity (Rosenthal et al., 1997; Erez, 2003; De Nooijer et al., 63 
2009a; 2009b; Wit et al., 2012). The cellular control on Mg-incorporation is also reflected by 64 
the low Mg/Ca ratios of most foraminiferal species compared to calcite precipitated from 65 
seawater (Blackmon and Todd, 1959; Bentov and Erez, 2006). Furthermore, Mg/Ca varies 66 
also within single individual foraminifer tests (e.g. Hathorne et al., 2003; Toyofuku and 67 
Kitazato, 2005) and through chamber walls (e.g. Eggins et al., 2004; Sadekov et al., 2005; 68 
Kunioka et al., 2006; Hathorne et al., 2009). 69 
The origin of intra-individual and intra-chamber wall Mg/Ca heterogeneity in benthic and 70 
planktonic species remains enigmatic. Previous work suggested that ontogenetic (i.e. life-71 
stage related) changes can be responsible for intra- and inter-test Mg/Ca variability in benthic 72 
foraminifera (Hintz et al., 2006; Filipsson et al., 2010, Raitzsch et al., 2011a; Diz et al., 2012). 73 
Ontogeny can affect trace element partitioning through changes in physiology, growth rate or 74 
changes in surface area-volume ratios. Migration into different environments with age and 75 
life-stage may be responsible for part of the observed effects, but this is an environmental 76 
control rather than ontogeny as such. Additionally, inter-individual variability in Mg/Ca may 77 
potentially be caused by genetic differences between individuals of the same species 78 
(Numberger et al., 2009). 79 
Foraminiferal Sr/Ca is positively correlated with temperature in a number of species 80 
(Rathburn and De Deckker, 1997; Reichart et al., 2003; Mortyn et al., 2005; Rosenthal et al., 81 
2006; Kisakürek et al., 2011), salinity (Dissard et al., 2010a; Kisakürek et al., 2011) and 82 
seawater Sr/Ca (Delaney et al., 1985; Elderfield et al., 2000; Raitzsch et al., 2010). Reported 83 
inter- and intra-individual variability in Sr/Ca is smaller than observed for Mg/Ca (e.g. 84 
Dueñas-Bohórquez et al., 2009; 2011a). The partition coefficient for Sr incorporation is closer 85 
to that found in inorganic precipitation experiments (e.g. Lorens, 1981; Tesoriero and 86 
Pankow, 1996; Delaney et al., 1985; Dissard et al., 2010a) when compared to Mg 87 
incorporation (e.g. Mucci, 1987; Delaney et al., 1985; Nürnberg et al., 1996). This difference 88 
suggests that incorporation of Sr is not under the same biological control as Mg, and that the 89 
absence of this control causes the relatively homogenous inter-species, intra-species and intra-90 
individual incorporation. 91 
The elemental and isotopic composition of individual tests is increasingly used for estimating 92 
past inter and intra-annual change, such as seasonality (Wit et al., 2010; Ganssen et al., 2011, 93 
Haarmann et al., 2011; Khider et al., 2011). The accuracy of such reconstructions, however, 94 
critically relies on the ability to distinguish vital effect-related variability from that caused by 95 
the environment. Here, we cultured genetically identical individuals of the shallow-water 96 
benthic foraminifer Ammonia tepida under constant environmental conditions, monitoring 97 
ontogenetic variability to constrain the intrinsic natural amplitude of Mg/Ca and Sr/Ca 98 
variability between and within individuals. Ammonia spp. produce calcite with a very low 99 
Mg/Ca (~1 mmol/mol), indicating a strong biological control on Mg-incorporation. This 100 
implies that changes in this biological control also are expected to have a relatively large 101 
impact compared to other foraminiferal species. Hence by studying this species we are able to 102 
capture the maximum impact related to variability in the vital effect. The intrinsic natural 103 
variability of Mg/Ca and Sr/Ca ratios ultimately determines how well we will be able to 104 
constrain past seasonal temperature variability and provides constraints for the biologically 105 
induced noise in reconstructions. 106 
 107 
2. Methods 108 
2.1 Culturing and reproduction 109 
Surface sediments were collected from the muddy intertidal flats near Dorum, Northwestern 110 
Germany (53º44'16 N, 8º30'53 E) in autumn 2008. Average Wadden Sea water temperature in 111 
October is ~13 °C, with an average diurnal variability of ~1 °C (Van Aken, 2008). Upon 112 
return to the laboratory, sediment was sieved over 1-mm screens to remove the largest 113 
macrofauna and stored at 10°C. Prior to incubation, small amounts of sediment were sieved 114 
over a 250 μm-screen to retrieve large living individuals of Ammonia tepida. Individuals with 115 
brightly yellow colored cytoplasm were regarded as living and isolated for incubation. Four 116 
groups of 25 individuals were placed in Petri dishes with approximately 50 ml of 0.2 μm-117 
filtered North Sea water (salinity 32), fed with living Dunaliella salina by adding 300 µL of a 118 
densely concentrated algae culture (approximately 3x106 cells/ mL) and brought 119 
instantaneously to 25 ± 0.5°C at which they were kept until reproduction. 120 
Adult, megalospheric foraminifera underwent asexual reproduction at regular intervals 121 
(Figure 1), resulting in the production of 50-300 megalospheric, one-chambered juveniles 122 
emerging from the same adult test. The size of these one-chambered juveniles ranges from 123 
approximately 20 to 30 µm, suggesting that they are gamonts (as opposed to schizonts; 124 
Goldstein and Moodley, 1993; Stouff et al., 1999). Theses juveniles were isolated from their 125 
parent test and kept together in a new Petri dish. All juveniles resulting from one asexual 126 
reproductive event (i.e. having the same individual parent) will be referred to as a 'clone 127 
group'. Since the parents of these clone groups come from the same sample location, it may be 128 
that the different clone groups are genetically closely related. Juveniles from three of these 129 
clone groups were kept in three separate Petri dishes and fed once a week. The water in these 130 
dishes was changed every two days. At the beginning and end of the incubations, salinity 131 
(32.2 ± 0.2) and pH (8.14 ± 0.05, NBS scale) were measured using a 330i WTW conductivity 132 
meter and WTW pH3000 with Schott BlueLine electrodes, respectively. Culture media 133 
subsampled for DIC (2193 ± 29 μM) was filtered over 0.2 µm filters and measured 134 
photometrically using a XY-2 sampler (Bran + Lübbe GmbH, Norderstedt, Germany). 135 
Subsamples were also analyzed for [Mg2+] (49 ± 2 mmol/kg), [Ca2+] (9.5 ± 0.05 mmol/kg) 136 
and [Sr2+] (90 ± 0.8 μmol/kg) using ICP-OES. Uncertainties for these concentrations (± 1 137 
standard deviation) represent differences between replicate measurements (n=4).  138 
For a different set of three clone groups, the size of individuals was determined by regular 139 
observation under an inverted microscope and counting the number of chambers of each 140 
individual. After 3 weeks of incubation in the same artificial seawater in which the other three 141 
clone groups were kept, specimens were taken out and cleaned. Specimens both from the 142 
culturing experiment and from the incubation to determine growth rates were placed in 143 
buffered NaOCl (15%) for 24 hours to remove organic material. Individuals were then rinsed 144 
several times with double deionized water and dried at 60°C for several hours. Multiple 145 
individuals from one group with the same number of chambers (ranging from 6-16 chambers) 146 
were weighed on a UMX2 microbalance (Mettler Toledo, precision ± 0.1 µg) to determine 147 
"chamber-normalized" weights. Other studies have reported size-normalized weights based on 148 
the diameter (e.g. De Moel et al., 2009; Beer et al., 2010) of analyzed individuals, but to 149 
facilitate comparison of growth with the LA-ICP-MS data (see section 3.3) size-normalized 150 
weights and growth rates are expressed per total number of chambers. 151 
 152 
Figure 1: Asexual reproduction in Ammonia tepida. The empty test of the adult (i.e. 'parent') 153 
individual is surrounded by approximately 200 juveniles that have emerged from the aperture. 154 
The single-chambered juveniles form a relatively large and dense pseudopodial network that 155 
they use to move away from the parent in the following hours. The dark masses are remains 156 
of the food cyst that surrounded the adult foraminifer before reproduction. Scale bar = 100μm. 157 
 158 
Since a large number of geno- and morphotypes have been reported for Ammonia (e.g. 159 
Holzmann and Pawlowski, 1997; 2000; Debenay et al., 1998; Hayward et al., 2004), culturing 160 
individuals from one clone group overcomes the potential imprint of genetic variability on 161 
calcite chemistry. This is particularly important since the genus of Ammonia is widely studied, 162 
but named differently by different researchers. At our sampling location, 'Ammonia molecular 163 
type T6' is the dominant morphotype (Hayward et al., 2004), and will be referred to here as A. 164 
tepida. 165 
 166 
2.2 LA-ICP-MS 167 
Three laser ablation systems coupled to inductively coupled plasma-mass spectrometers (LA-168 
ICP-MS) were used during the course of this study (Table 1). The majority of analyses were 169 
conducted at the University of Bremen using a solid state 193 nm laser ablation system (New 170 
Wave Research) coupled to an Element2 (Thermo Scientific) sector field ICP-MS. The ICP-171 
MS was run in low resolution mode without the shield torch and the measurement routine 172 
took 1.4 s to cycle through the masses. Masses monitored were 11B, 25Mg, 27Al, 43Ca, 55Mn, 173 
66Zn, 88Sr, 137Ba and 238U. All ablations were conducted in He and lasted up to 60 seconds 174 
before the shell wall was penetrated using laser spots of 35 or 75 μm in diameter, a repetition 175 
rate of 5 Hz, and a laser power density of ~0.35 GW/cm2. A NIST SRM 610 glass was used 176 
for calibration and ablated with a laser power density of ~1 GW/cm2 between every 5 or 10 177 
sample analyses. Calibration of element/calcium ratios in calcium carbonate samples using a 178 
NIST glass standard has been demonstrated to be accurate for many elements when using a 179 
193 nm laser (Hathorne et al., 2008). The precision of the technique is ~4% (1σ) for Mg/Ca 180 
and Sr/Ca based on many spot analyses of powder pellets of carbonate reference materials 181 
(e.g. Raitzsch et al., 2011a).  182 
 183 
Table 1: Settings and details of the different laser systems employed in this study. 184 
 185 
Time resolved signals were selected for integration, background subtracted, internally 186 
standardized to 43Ca, and calibrated with the signals from the NIST SRM610 using the 187 
GeoPro software (Cetac). Despite the removal of organics with NaOCl it was clear from the 188 
time resolved laser signals that some cytoplasm, with elevated Mg and Zn, remained on the 189 
outside and inside of a few chambers. Zinc is known to be concentrated by phytoplankton (Ho 190 
et al., 2003), adding to the intracellular concentrations in the foraminifera when taken up as 191 
food. Parts of analyses, towards the outside or inside of the test wall, with elevated Mg and Zn 192 
were omitted from the integration (Figure 2C). In some cases where the test wall was thin, the 193 
ablation was very short and the Mg and Zn levels remained high throughout. Such analyses 194 
were discarded and not considered further. Screening of time resolved signals for surface 195 
contamination is a standard practice to ensure that only contaminant-free data are considered 196 
(e.g. Reichart et al., 2003; Sadekov et al., 2008; Hathorne et al., 2009). 197 
As a solid state laser system is not optimized for depth profiling, a number of cultured tests 198 
were also analyzed using a 193 nm ArF Excimer laser at Utrecht University (GeoLas 200Q) 199 
and at the GEOMAR in Kiel (New Wave) to acquire depth-profiles of the element/Ca ratios 200 
through the shell walls (Table 1). The analyses at Utrecht also used an Element2 (Thermo 201 
Scientific) sector field ICP-MS. The laser at the GEOMAR is equipped with a large format 202 
cell with a low volume (~1 cm3) ablation chamber that is optimal for such depth profiling 203 
analyses and employed an Agilent 7500cs ICP-MS. Calibration and standardization also used 204 
the NIST SRM 610 glass (values from Jochum et al., 2011) that was ablated using a higher 205 
laser fluence of ~4 J/cm2. The raw time resolved counts were blank subtracted, internally 206 
standardized to 43Ca and calibrated using standard spreadsheet software to obtain depth 207 
profiles for Sr/Ca and Mg/Ca ratios. Data were further processed with a 2 outlier rejection to 208 
remove the odd flier and smoothed with a 3 points running average to obtain the depth profile 209 
(data from Bremen were not treated in this way as only average values for each laser spot 210 
were obtained). Analyses of a powder pellet of the JCp-1 carbonate reference material agree 211 
with the recommended values in the literature (Okai et al., 2002; 2004) and indicate a within 212 
depth profile precision of <20% (1). A similar result was obtained by depth profiling 213 
through an Iceland spar calcite used in the Utrecht laboratory. 214 
 215 
Figure 2: Example of two individuals (A and B) after LA-ICP-MS. P=proloculus, F=final 216 
chamber. Scale bar = 100μm. C: example of a laser ablation profile with high Mg/Ca and 217 
Zn/Ca indicative of residual cytoplasm on both sides of the chamber wall. 218 
 219 
Using the obtained foraminiferal Mg/Ca and Sr/Ca and those of seawater, apparent partition 220 
coefficients for these elements in the calcite of Ammonia tepida are calculated as follows: 221 
 222 
DElement = (Element/Ca)calcite/(Element/Ca)medium 223 
 224 
3. Results 225 
 226 
3.1 Reproduction, growth rates and size-normalized weights 227 
The number of juveniles that result from one reproductive event varied between the clone 228 
groups (Table 2). The maximum size (diameter) that was reached at the end of the culturing 229 
period also varied, resulting in analyses being performed on individuals with a range of sizes. 230 
 231 
Table 2: Reproduction, growth and amount of calcite available for chemical analyses. Dextral 232 
coiling is clockwise addition of chambers on the spiral side: sinistral is anti-clockwise. 'n.d.'= 233 
not determined. 234 
 235 
Growth rates (expressed here as number of chambers added per day) varied between clone 236 
groups, although the general pattern was similar between groups: as size increases, growth 237 
(chamber addition) rates decrease. Chamber-normalized weights as determined after the 238 
culturing experiments show that the amount of calcite precipitated per chamber increases with 239 
size (Figure 3). 240 
 241 
Figure 3: Growth rates (A, ± 1 standard deviation) for each of the three clone groups and 242 
chamber-normalized weights (B) of cultured A. tepida. The weight of tests increases 243 
exponentially with every chamber being added (R2=0.934; compared to 0.888 for a linear fit) 244 
and is described by: w=0.138e0.225n, where w is the CaCO3 weight of an individual test in μg 245 
and n is the chamber number (1= proloculus). 246 
 247 
3.2 Test wall variability in Sr/Ca and Mg/Ca 248 
Ablation profiles obtained with the excimer laser systems at Utrecht and Kiel from different 249 
chambers of one individual show that inner chambers are progressively thicker because of 250 
bilamellar calcification. This is visible from the length of profiles as they become longer 251 
(before returning to background values) when ablating chambers that were formed at earlier 252 
lifestages of the foraminifers.  253 
Within the obtained profiles, Sr/Ca varies between 1.0 and 2.5 mmol/mol (Figure 4A). On 254 
average, Sr/Ca of these profiles was 1.42 mmol/mol and the average standard deviation of a 255 
profile is 0.32 mmol/mol. Mg/Ca in profiles from the same measurments vary between 2 and 256 
14 mmol/mol within one chamber wall (Figure 4B). Average Mg/Ca in these profiles vary 257 
between 1.8 and 6.1 mmol/mol, with an average standard deviation of 1.2 mmol/mol for one 258 
profile. The obtained average Mg/Ca for these profiles match the range in Mg/Ca from the 259 
larger dataset (section 3.3; Figure 5B). Variability in average Mg/Ca between laser ablation 260 
spots is caused by the occasional occurrence of calcite with high Mg/Ca (Figure 4B, chamber 261 
F-6; Figure 4C, chamber F-5). These parts of elevated Mg/Ca, however, are not present in all 262 
chambers, nor their position or number per chamber wall the same for different chambers 263 
within any individual.  264 
 265 
Figure 4: Sr/Ca and Mg/Ca ablation profiles from cultured Ammonia tepida. A: Sr/Ca of one 266 
chamber obtained at Utrecht University (in black) and one obtained at GEOMAR (in blue), B: 267 
Mg/Ca of three different chambers obtained at Utrecht University, C: Mg/Ca of three different 268 
chambers obtained at GEOMAR. 269 
 270 
Average Sr/Ca and Mg/Ca and the variability in these profiles (Figure 4) are similar for the 271 
different laser systems employed. This not only facilitates direct comparison between the data 272 
obtained by us, but also demonstrates the reproducibility of the Sr/Ca and Mg/Ca ratios 273 
despite differences in ablation cell design. 274 
 275 
3.3 Interchamber and size-related variability in Sr/Ca and Mg/Ca 276 
When combining the average values from the ablation profiles with the 173 spot analyses 277 
obtained at the University of Bremen, Sr/Ca of all ablation profiles range between 1.2 and 2.0 278 
mmol/mol (Figure 5A), with an average of 1.6 mmol/mol (± 0.13 mmol/mol standard 279 
deviation). No trend for Sr/Ca and chamber number is detectable (data of all clone groups 280 
combined, as well as for separate groups: regression analysis, R2 < 0.001). In 15 cases, 2 281 
measurements were performed on a single chamber (Figure 2A). The average difference 282 
between these pairs of measurements is 0.084 mmol/mol (± 0.072 standard deviation) and 283 
smaller than the overall variability in Sr/Ca (Figure 5A). 284 
Average Mg/Ca of single laser ablation spots range between 1 and 8 mmol/mol (Figure 5B), 285 
with an average ratio of 3.6 mmol/mol (± 1.2 standard deviation) and no ontogenetic trend 286 
(regression analysis, R2 < 0.001). Nor was there a significant difference in Sr/Ca or Mg/Ca 287 
between coiling directions. For the 15 pairs of measurements on the same chamber, the 288 
average difference in Mg/Ca from these spots is 0.48 mmol/mol (± 0.64 standard deviation), 289 
which equals 16% of the average Mg/Ca. This average difference is comparable to the 290 
average difference between two laser ablation measurements randomly taken from the 291 
complete dataset (see end of this section). 292 
 293 
Figure 5: Average Sr/Ca (panel A), Mg/Ca (panel B) and partition coefficients (DSr and DMg) 294 
from single-chamber analyses of 30 individuals of cultured A. tepida as a function of the 295 
position within the foraminifer. Every point represents one laser ablation spot. On the left 296 
side, analyses of the final (F) chamber are plotted, while measurements towards the right side 297 
represent Sr/Ca and Mg/Ca from older chambers. Black, grey and white symbols represent the 298 
three different clone groups. Larger circles represent average Sr/Ca and Mg/Ca for each 299 
chamber position. The dotted line and surrounding grey box represent the average ± 1 300 
standard error of the mean. The lighter grey box represents ± 1 standard deviation. Number of 301 
laser ablation spots per chamber position is indicated in at the upper side of panel B. 302 
 303 
The variability (standard deviation) between single-chamber Mg/Ca (± 33% of the average; 304 
Figure 5B) is larger than for Sr/Ca (± 8% of the average; Figure 5A). The large number of 305 
measurements results in a small standard error of the mean (<1% and ~5% for Sr/Ca and 306 
Mg/Ca, respectively; Figures 5A and B). 307 
When comparing chambers counting from the proloculus onward (i.e. ‘backwards’ compared 308 
to the order as is used in Figures 5), there is no trend in Sr/Ca (nor in Mg/Ca) with chamber 309 
number. The layering caused by so-called bilamellar calcification in Rotallid species (Reiss, 310 
1957; Erez, 2003) means that we prefer to compare chambers that have an equal number of 311 
lamellae (thus comparing all F chambers, F-1, etc; Figures 5A and B).  312 
Not all individuals had the same number of chambers at the end of the experiment, which 313 
might mask (subtle) ontogenetic trends in element/Ca ratios. Therefore we also tested for 314 
changes in Sr/Ca and Mg/Ca with chamber number within individuals. For the 22 individuals 315 
that were ablated 3 or more times, no significant intra-individual trend was observed in Sr/Ca 316 
or Mg/Ca (Student-T test using residual sum of squares from a linear regression, p<0.05). 317 
Since some individuals have the same final number of chambers, these tests were repeated on 318 
results combined for individuals with 18, 17, 16, 15, 8 and 7 chambers. None of the resulting 319 
regression analyses and T-tests indicated a significant increase or decrease of Sr/Ca or Mg/Ca 320 
with chamber number. Finally, we compared all F-chambers measured (n=16) and conducted 321 
a regression analysis for Sr/Ca and Mg/Ca as a function of final number of chambers. This too 322 
revealed no significant trend with chamber number. 323 
 324 
To evaluate the relation between the number of observations (i.e. laser ablation spots) and the 325 
representativeness of the resulting average Mg/Ca of all measurements, a Monte Carlo 326 
Permutation test was executed. From all 207 laser ablation-determined Mg/Ca ratios, a 327 
randomly selected ratio was taken to calculate the deviation from the average Mg/Ca (=3.6 328 
mmol/mol). This was repeated 50 times to calculate the average deviation from the data set’s 329 
mean Mg/Ca (based on 207 laser ablation measurements). This value approximates the 330 
uncertainty in Mg/Ca when using only one laser spot to determine the average Mg/Ca in a 331 
dataset like ours. This procedure was repeated by taking 50 sets of two randomly selected 332 
Mg/Ca to calculate the average deviation from the dataset’s mean Mg/Ca, then taking 50 sets 333 
of three randomly selected Mg/Ca, etc (Figure 6). The relationship between number of laser 334 
ablation spots and the deviation from the dataset’s average resembles 1/√n. 335 
 336 
Figure 6: relation between number of laser ablation spots and deviation from the set average 337 
Mg/Ca (n=50, see text for explanation) from the average Mg/Ca of the complete dataset (=3.6 338 
mmol/mol). With ~6 laser ablation measurements on different chambers (or positions on the 339 
test) the deviation is approximately 10% of the average of the dataset, with ~20 340 
measurements, the estimated Mg/Ca is within 5% of the average of the complete dataset. 341 
 342 
3.4 Interindividual variability in Sr/Ca and Mg/Ca 343 
Combining results from laser ablation spots on the same individual (on average 7.7 spots) 344 
provides an estimate of variability in Sr/Ca and Mg/Ca between the 25 analyzed individuals 345 
(Figure 7). The three individuals with less than 3 laser ablation spots/ individual are not 346 
discussed further in this section. 347 
 348 
Figure 7: A: Variability of single individual Sr/Ca in cultured A. tepida. Results from all laser 349 
spots (Figure 5A) are combined to display the inter-individual variability in Sr/Ca (average 350 
per individual ± 1 standard deviation). These data have been ranked according to their Sr/Ca 351 
ratio for clarity but note that the ranking for inter-individual Mg/Ca is different. B: Variability 352 
of Mg/Ca in cultured individuals. Results from single-chamber measurements (Figure 5B) are 353 
combined to display the inter-individual variability in Mg/Ca (average per individual ± 1 354 
standard deviation). For both panels, dotted horizontal line is the average element/Ca of all 355 
individuals and accompanying dark grey box represents 1 standard deviation. 356 
 357 
To compare the Sr/Ca and Mg/Ca between individuals, a one-way ANOVA test was 358 
performed for every possible pair of individuals, 231 in total. Of all these pairs, the Mg/Ca of 359 
80 pairs of individuals (35%) were significantly different (p<0.05). Of these 80 pairs, only 360 
four indiviudals are involved in 51 pairs. This means that, with the exception of these four 361 
individuals (two at the far left and two at the far right side in figure 7A), the average Mg/Ca 362 
of 87% of all possible combinations of two individuals are not significantly different from 363 
each other. Inter-individual differences for Sr/Ca are similar with 67 out of 231 pairs (29%) 364 
that are being significantly different. Of these 67 pairs, three individuals (one at the left side 365 
and two at the far right side in figure 7B) are involved in 31 significantly different average 366 
individual’s Sr/Ca. This means that excluding these three individuals, average Sr/Ca of 84% 367 
of all possilbe combinations of two individuals are not significantly different from each other. 368 
 369 
3.5 Inter-clone group variability and summary 370 
When separating all single chamber Sr/Ca and Mg/Ca values into the three groups of clones, 371 
the resulting averages are very similar. Average  Sr/Ca of all three groups is 1.56 372 
mmol/mol, with variability (standard deviation) within groups of 0.11, 0.15 and 0.16 373 
mmol/mol. Average Mg/Ca for the three groups is 3.68 mmol/mol (± 1.21, n=110), 3.51 374 
mmol/mol (± 0.99, n=31) and 3.33 mmol/mol (± 0.80, n=32). Differences in single-chamber 375 
Sr/Ca and Mg/Ca between any combination of clone groups are not significant (two-tailed 376 
student's t-Test, assuming unequal variances, p<0.95), although the limited number of clone 377 
groups that are compared here hampers generalization of the calculated variability between 378 
them.  379 
Average Mg/Ca and Sr/Ca and the variability of different hierarchical levels is summarized in 380 
Table 3. 381 
 382 
Table 3: different levels of variability in Sr/Ca and Mg/Ca. The variability within test walls 383 
was determined on 12 individuals, displaying relatively high within-wall variability in Mg/Ca. 384 
The associated average standard deviation for these ablation profiles is ~40% of the average 385 
Mg/Ca. Calculated standard deviation for the inter-individual level is based on averages for 386 
the 22 individuals and the range in standard deviations for the clone groups represent the 387 
variability within these three groups. 388 
 389 
4. Discussion 390 
4.1 Reproduction, growth rates and size-normalized weights 391 
Using the offspring of reproducing foraminifera provides a number of advantages for 392 
culturing studies. In a number of culture experiments growth is monitored by incorporation of 393 
a fluorescent marker (Bernhard et al., 2004) after which newly formed chambers (either 394 
stained or recognized after pre-incubation with the label) can be analyzed individually. 395 
Although the effect of such markers on calcite Mg/Ca and Sr/Ca may be limited (Dissard et 396 
al., 2009), its complexation potential dictates the need to be accounted for in culturing studies 397 
(De Nooijer et al., 2007). 398 
When culturing foraminifera with existing chambers, isotope- and element composition have 399 
to be corrected for the initial calcite weight of the test when whole individuals are analyzed 400 
(e.g. Kisakürek et al., 2011). Alternatively, newly formed chambers can be dissected from 401 
pre-existing chambers in planktonic species and pooled for analysis (e.g. Spero and Lea, 402 
1996; Bijma et al., 1998). Using newborn clones (section 2.1; Hintz et al., 2006, McCorkle et 403 
al., 2008, Filipsson et al., 2010, Barras et al., 2010; Diz et al., 2012) circumvents the 404 
inaccuracies associated with such manipulations and allows analysis of the smallest 405 
foraminifer size fractions. Moreover, using LA-ICP-MS, the full range of chamber sizes can 406 
be analyzed for elements with sufficiently high concentrations (e.g. Reichart et al., 2003). 407 
In our experiment, growth rates changed from approximately 1 chamber/day to 1 408 
chamber/week. The time period between two chamber additions is relatively short in juveniles 409 
and increases as the individual matures (Figure 3A). Since mass increases exponentially with 410 
every chamber added in this species (Figure 3B), this results in a relatively constant rate of 411 
CaCO3 addition over time (from approximately 0.70 to 0.15 μg/day for clone groups that 412 
grew slowest and fastest, respectively). The addition of calcite in foraminifera is however, 413 
concentrated into short time-intervals during which chambers are formed (~ hours; Keul et al., 414 
2013).  415 
Calcite precipitation rates are known to affect Sr/Ca, more than Mg/Ca (e.g. Lorens, 1981; 416 
Morse and Bender, 1990; Tesoriero and Pankow, 1996). A similar rate of calcite addition (in 417 
μg/ day) over time therefore fits the absence of an ontogenetic trend and limited variability of 418 
calcite Sr/Ca (and to a lesser extent Mg/Ca; Figures 5A and B, section 3.3). A caveat here is 419 
that overall calcite addition of an individual provides no information about crystal growth 420 
rate, which is essentially unknown. Moreover, element partitioning in inorganically 421 
precipitated calcites may not be directly comparable to that in foraminifera, since the 422 
microenvironment in which foraminifera precipitate calcite is under biological control (e.g. 423 
Erez, 2003; De Nooijer et al., 2009b) where element concentrations, pH, and the presence of 424 
organic compounds can all differ from inorganic precipitation experiments.  425 
 426 
4.2. Test wall variability in Mg/Ca 427 
Magnesium is known to be heterogeneously distributed through chamber walls of a number of 428 
species (Anand and Elderfield, 2005; Erez, 2003; Eggins et al., 2003; 2004; Hathorne et al., 429 
2003, 2009; Kunioka et al., 2006; Sadekov et al., 2005; 2008; Toyofuku and Kitazato, 2005; 430 
Wit et al., 2010). Layers of calcite with high Mg/Ca observed within test walls are thought to 431 
be the first calcite precipitated during a calcification event and are closely associated with the 432 
primary organic sheet (Erez, 2003; Kunioka et al., 2006; Hathorne et al., 2009), although the 433 
position of the primary, outer and inner organic linings (Hemleben et al., 1977) may correlate 434 
with lowest Mg/Ca in other species (i.e. Orbulina universa; Eggins et al., 2004). In planktonic 435 
foraminifera with photosynthetic symbionts, alternating bands of calcite with high and low 436 
Mg/Ca ratios are thought to be a response to the diurnal light and dark cycle (Eggins et al., 437 
2004) although similar banding has been observed in non-spinose, symbiont-barren species 438 
(Schmidt et al., 2008; Hathorne et al., 2009). Additionally, some studies have identified a 439 
trace element enriched veneer with high Mg on foraminiferal tests (Eggins et al., 2003; 440 
Hathorne et al., 2003, 2009; Sadekov et al., 2008). 441 
The laser ablation profiles from our cultured individuals show a large variability in Mg/Ca 442 
within a chamber wall and between chamber walls despite constant culturing conditions 443 
(Figure 4). Early formed chambers that lie near the center of the individual contain relatively 444 
more layers of calcite produced during consecutive chamber formation events. The absence of 445 
an increase or decrease in Mg/Ca within these inner chambers fits with the absence of an 446 
interchamber trend of Mg/Ca with size (Figure 5B). This is important to note, since the 447 
lamellar structure of the ontogenetic calcite in Rotallids (Erez, 2003) may mask (subtle) 448 
ontogenetic trends in chamber-to-chamber element distribution. The irregular position of the 449 
Mg/Ca peaks in the profiles (Figure 4) furthermore suggests that the location of high-Mg 450 
calcite is not related to the location of organic layers that separate the layers of lamellar 451 
calcite (e.g. Hemleben et al., 1977).  452 
Part of the variability in Mg- and Sr-incorporation observed in our dataset may be caused by 453 
variability in the microenvironment between individuals. Respiration (e.g. Rink et al., 1998) 454 
and proton pumping (Glas et al., 2012) during calcification alter the carbonate chemistry in 455 
the direct surrounding of the test and thus may have an effect on the chemical speciation of 456 
ions like Mg and Sr, thereby possibly affecting their uptake and eventually the calcite's Sr/Ca 457 
and Mg/Ca. In Ammonia, ion pumping during calcification decreases the surrounding pH by 458 
up to 1 unit (Glas et al., 2012). Since this decrease in pH is size-dependent, and the uptake of 459 
Ca2+ (and possibly other cations like Mg and Sr too) takes place during calcification in 460 
Ammonia (Nehrke et al., submitted), there may be a size-related change in Mg/Ca in our 461 
cultured specimens. Since this is not the case (Figure 5 and accompanying text), it is unlikely 462 
that pH in the foraminiferal microenvironment significantly impacts Mg/Ca. Since respiration 463 
rates are likely to have a relatively small impact on ambient (pH) gradients, it is unlikely that 464 
these processes can account for a large portion of the variability in Mg/Ca reported here. 465 
 466 
4.3 Interchamber and size-related variability in Sr/Ca and Mg/Ca 467 
In the Ammonia tepida samples from this study, there is no detectable control of coiling 468 
direction or ontogeny (i.e. size-related) on Mg/Ca and Sr/Ca as the average ratios do not 469 
change with size (number of chambers: Figure 5). This is in contrast with a number of reports 470 
on size-specific Mg/Ca ratios in other species of benthic foraminifera from culturing 471 
experiments (Hintz et al., 2006; Filipsson et al., 2010; Diz et al., 2012). Discrepancies 472 
between studies could stem from species-specific differences in controls on element 473 
incorporation, sample size, or both. Field studies of planktonic species show Mg/Ca increases 474 
with size in some species and decreases with size in other species (Elderfield et al., 2002; 475 
Anand and Elderfield, 2005; Friedrich et al., 2012), while under controlled constant 476 
conditions, Mg/Ca of the planktonic Globigerinoides sacculifer decreases with size (Dueñas-477 
Bohórquez et al., 2011a). This implies that part of the relation between planktonic 478 
foraminiferal shell size and Mg/Ca is determined by calcification at different water depths 479 
(and hence different temperatures), and part of the ontogenetic controls on Mg/Ca are not 480 
environment-induced. Raitzsch et al. (2011) show the variability of Mg/Ca and B/Ca ratios 481 
are related within single tests of the benthic Planulina wuellerstorfii suggesting that changes 482 
in carbonate chemistry within the sediment pore waters could be responsible for some of the 483 
Mg/Ca variability. Interchamber variability may thus be explained by migration within the 484 
sediment (for benthic species) or calcification at different ambient temperatures (for 485 
planktonic species). Still, variability in Mg/Ca is often too large to be explained by vertical 486 
migration (e.g. Hathorne et al., 2009).  487 
Based on the interchamber variability of Mg/Ca in our dataset (Figure 5), we calculate that the 488 
average Mg/Ca of the A. tepida populations can be estimated with a precision of 10% using 6 489 
laser ablation measurements on different chambers (Figure 6). Under the controlled 490 
conditions used here the number of individuals on which these 6 measurements are 491 
performed, is irrelevant for the precision obtained. However, the interchamber (and 492 
interindividual) variability in Mg/Ca may be different between species and depend on the 493 
absolute Mg/Ca ratios. This means that the representativeness of 6 laser ablation 494 
measurements may be better or worse for samples with other foraminiferal species. 495 
 496 
4.4 Interindividual and inter-clone group variability of Sr/Ca and Mg/Ca in Ammonia spp. 497 
A number of previous culturing experiments and field surveys using Ammonia spp.  resulted 498 
in similar Sr/Ca and Mg/Ca values to those presented here. In those studies calcitic Mg/Ca 499 
was shown to depend on temperature (Toyofuku et al., 2011) and seawater [Ca2+] (Raitzsch et 500 
al., 2010). Studies of the dependence of calcitic Mg/Ca in benthic foraminifera on salinity 501 
have produced contradictory results (Dissard et al., 2010a; Toyofuku et al., 2011; Diz et al., 502 
2012), while Mg/Ca in the calcite of cultured individuals of Ammonia tepida is not influenced 503 
by seawater carbonate ion concentration (Dissard et al., 2010b; Dueñas-Bohórquez et al., 504 
2011b). Sr/Ca ratios of A. tepida are known to depend on seawater salinity (Dissard et al., 505 
2010a), whereas an effect of carbonate ion concentration is absent (Raitzsch et al., 2010; 506 
Dueñas-Bohórquez et al., 2011b) or slightly positive (Dissard et al., 2010b). 507 
Intra- and inter-individual variability in Mg/Ca is usually larger than that for Sr/Ca (e.g. 508 
Allison and Austin, 2003). The large variability in Mg/Ca is attributed to a number of factors 509 
including variability in environmental conditions (Wit et al., 2012), genetic differences 510 
between individuals (Numberger et al., 2009), and ontogenetic effects (Elderfield et al., 511 
2002). Small fluctuations in experimental conditions cannot be responsible for the variability 512 
in Mg/Ca, since the dependency of Mg/Ca on temperature and salinity  is too small in 513 
Ammonia spp to account for the observed variability (e.g. Toyofuku et al., 2011; this study). 514 
Our results show that the small sample size afforded by LA-ICP-MS allows the detection of 515 
interindividual (and intrachamber) variability in the Mg distribution. To account for this 516 
small-scale variability, the average Mg/Ca of one or more complete individual tests can be 517 
determined by combining multiple measurements on one individual (Figure 7). 518 
 519 
4.5 Implications for paleo-environmental studies 520 
The presence or absence of ontogenetic controls on element incorporation is important for the 521 
use of foraminifera in paleoceanography. The recognition of size-related controls in Mg/Ca 522 
(e.g. Dueñas-Bohórquez et al., 2011a) has lead to the proposal of using correction factors 523 
when applying Mg/Ca-based temperature reconstructions. If the absence of an ontogenetic 524 
trend (as observed here) is representative for foraminifera in general, ontogenetic trends found 525 
in natural samples then most likely result from environmental changes (e.g. migration through 526 
the water column for planktonic species). This changes the view of parts of the vital effect 527 
from being 'biological noise' to being 'environmental information', the later potentially 528 
providing a useful paleoclimate proxy. 529 
Furthermore, our results show that despite substantial intra-test variability, the average Sr/Ca 530 
of individual tests of Ammonia tepida is reproducible to ± 0.043 mmol/mol and Mg/Ca to 0.40 531 
mmol/mol. These uncertainties are based on the variability between the average laser spot-532 
derived Sr/Ca and Mg/Ca when combining data from one individual (n=23; Figure 7). 533 
Variability between single measurements is considerably larger (Figure 5). To translate the 534 
Mg/Ca reproducibility into an error for temperature reconstructions using Mg/Ca data based 535 
on single individuals, we have combined our results with those from previous culturing 536 
studies (Figure 8). The Ammonia cultured by Dissard et al. (2010a; 2010b) and Dueñas-537 
Bohórquez et al. (2011b) were all collected from the Wadden Sea and cultured using similar 538 
culturing set-ups. Together with our new data, these foraminifera were cultured at a range of 539 
temperatures from 10 to 25 °C. The obtained exponential relationship between Mg/Ca and 540 
temperature (R2=0.86) is described by:  541 
 542 
Mg/Ca=0.167 (± 0.064) *exp0.121 (± 0.019)*T (1) 543 
 544 
According to the exponential factor, a change in Mg/Ca of 0.40 mmol/mol in Ammonia tepida 545 
(Figure 7) corresponds to a temperature change of 0.9 °C at 25 °C. It should be stressed that 546 
this uncertainty is based on the calculated inter-individual variability in Mg/Ca and at 25 °C 547 
only. The recently published Mg/Ca-T relationship of Toyofuku et al. (2011) produces a 548 
Mg/Ca for Ammonia beccarii at 25 °C (2 mmol/mol ± 0.3), approximately two times lower 549 
than that of A. tepida (equation 1). The exponential factor of the Mg/Ca-T relationship for A. 550 
beccarii is also approximately two times lower (Mg/Ca=0.575*e0.0531*T) than found here. 551 
Mg/Ca from cultured A. tepida reported by Diz et al. (2012) fit the Mg/Ca-T calibration from 552 
Toyofuku et al. (2011) better than that presented here, suggesting that even within one 553 
species, there may be (small) differences in the control on Mg-incorporation. Taxonomy for 554 
the genus Ammonia is notoriously unreliable (e.g. Holzmann et al., 2000; Hayward et al., 555 
2004), and specimens commonly used for laboratory studies span a wide genetic range. Those 556 
employed by Toyofuku et al. (2011) are Ammonia's of molecular type T4, those of Diz et al. 557 
(2012) of type T3 and those lumped for our calibration (Figure 8) are of molecular type T6 558 
(Hayward et al., 2004), which may account for the variability in Mg/Ca-T calibrations 559 
reported so far. Differences in Mg/Ca ratios of the closely related species, or even within  one 560 
species underscores the need for species-specific calibrations before applying foraminiferal 561 
Mg/Ca in paleoceanographic reconstructions (e.g. Anand et al., 2003). 562 
The error in a Mg/Ca-based reconstructed seawater temperature is a combination of the error 563 
arising from the inherent, biological variability in Mg/Ca (Figure 6) and that associated with 564 
the uncertainty in the Mg/Ca-T regression (equation 1). For a number of planktonic species, 565 
uncertainties in the Mg/Ca-temperature calibration are ~0.06 for the pre-exponential constant 566 
and ~0.02 for the exponential one (e.g. Dekens et al., 2002; Anand et al., 2003) and are 567 
similar to those reported here (equation 1). The uncertainty in the pre-exponential constant 568 
results in a temperature offset of 1.1 - 1.4 °C. Error propagation using partial derivatives of 569 
this uncertainty and the one resulting from biological noise reported here (Figure 6), shows 570 
that the total error in seawater temperature reconstruction is 2.1 °C at 25 °C and <1 °C at 10 571 
°C, assuming a 5% error when using 20 laser ablation-derived Mg/Ca values. With only 6 572 
laser ablation measurements (resulting in a ~10% error), the uncertainty in temperature 573 
increases to 3.1 °C at 25 °C and 1.2 °C at 10 °C. 574 
 575 
Figure 8: Mg/Ca-T relationship for cultured A. tepida. All culture data (Raitzsch et al., 2010; 576 
Dissard et al., 2010a; 2010b; Dueñas-Bohórquez et al., 2011b; this study) are from individuals 577 
grown at similar salinity (32-35) and inorganic carbon chemistry (e.g. pH 8.1-8.4 and [CO32-] 578 
of 160-260 μmol/kg). Symbols represent average Mg/Ca from all laser ablation data from 579 
these studies. 580 
 581 
The inherent, biological variability in Mg/Ca found here may be different at other 582 
temperatures. If, however, the relative variability in Mg/Ca is similar (i.e. ~10%) across 583 
temperatures, this would result in an error of ~0.75 °C at 1.0 °C and ~0.85 °C at 10 °C. If the 584 
absolute variability in Mg/Ca (~0.40 mmol/mol) would be constant across temperatures, 585 
absolute temperature estimates would be much more uncertain at lower temperatures. 586 
Reported variability in Mg/Ca at different temperatures (e.g. Nürnberg et al., 1996; Sadekov 587 
et al., 2008) seem to suggest that relative variability in Mg/Ca is similar across temperatures. 588 
 589 
Conclusions 590 
Our results show that Mg/Ca and Sr/Ca in the calcite of Ammonia tepida is not influenced by 591 
ontogeny as there is no clear trend in the variability with size in the absence of environmental 592 
change with ontogeny. The intra-chamber, inter-chamber and inter-individual variability of 593 
Mg/Ca is larger than that of Sr/Ca, in line with previous studies of within shell element/Ca 594 
ratios. Layers of calcite with elevated Mg/Ca within chamber walls appears to be responsible 595 
for the variability in Mg/Ca. The presence of this higher Mg/Ca calcite is not related to 596 
environmental conditions and is not correlated to genetic variability or similarity. With the 597 
variability in calcitic Mg/Ca in our dataset, 6 laser ablation spots per individual A. tepida are 598 
sufficient to estimate the average with an uncertainty of 10%, thereby accounting for the 599 
biological noise on Mg/Ca-based temperature reconstructions.  600 
 601 
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Figure 1: Asexual reproduction in Ammonia tepida. The empty test of the adult (i.e. 'parent') 
individual is surrounded by approximately 200 juveniles that have emerged from the aperture. 
The single-chambered juveniles form a relatively large and dense pseudopodial network that 
they use to move away from the parent in the following hours. The dark masses are remains 
of the food cyst that surrounded the adult foraminifer before reproduction. Scale bar = 100m.
Figure 2: Example of two individuals (A and B) after LA-ICP-MS. P=proloculus, F=final 
chamber. Scale bar = 100m. C: example of a laser ablation profile with high Mg/Ca and 
Zn/Ca indicative of residual cytoplasm on both sides of the chamber wall.
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 Figure 3: Growth rates (A, ± 1 standard deviation) for each of the three clone groups and 
chamber-normalized weights (B) of cultured A. tepida. The weight of tests increases 
exponentially with every chamber being added (R2=0.934; compared to 0.888 for a linear fit) 
and is described by: w=0.138e0.225n, where w is the CaCO3 weight of an individual test in g
and n is the chamber number (1= proloculus).
 
 Figure 4: Sr/Ca and Mg/Ca ablation profiles from cultured Ammonia tepida. A: Sr/Ca of one 
chambers obtained at Utrecht University (in black) and one obtained at GEOMAR (in blue), 
B: Mg/Ca of three different chambers obtained at Utrecht University, C: Mg/Ca of three 
different chambers obtained at GEOMAR. Error bars are based on within-profile variability of 
a powder pellet of the JCp-1 carbonate standard (Okai et al., 2002; 2004). 
 
 Figure 5: Average Sr/Ca (panel A), Mg/Ca (panel B) and partition coefficients (DSr and DMg)
from single-chamber analyses of 30 individuals of cultured A. tepida as a function of the 
position within the foraminifer. Every point represents one laser ablation spot. On the left 
side, analyses of the final (F) chamber are plotted, while measurements towards the right side 
represent Sr/Ca and Mg/Ca from older chambers. Black, grey and white symbols represent the 
three different clone groups. Larger circles represent average Sr/Ca and Mg/Ca for each 
chamber position. The dotted line and surrounding grey box represent the average ± 1 
standard error of the mean. The lighter grey box represents ± 1 standard deviation. Number of 
laser ablation spots per chamber position is indicated in at the upper side of panel B.
 Figure 6: relation between number of laser ablation spots and deviation from the set average 
Mg/Ca (n=50, see text for explanation) from the average Mg/Ca of the complete dataset (=3.6 
mmol/mol). With ~6 laser ablation measurements on different chambers (or positions on the 
test) the deviation is approximately 10% of the average of the dataset, with ~20 
measurements, the estimated Mg/Ca is within 5% of the average of the complete dataset.
 Figure 7: A: Variability of single individual Sr/Ca in cultured A. tepida. Results from all laser 
spots (Figure 5A) are combined to display the inter-individual variability in Sr/Ca (average 
per individual ± 1 standard deviation). These data have been ranked according to their Sr/Ca 
ratio for clarity but note that the ranking for inter-individual Mg/Ca is different. B: Variability 
of Mg/Ca in cultured individuals. Results from single-chamber measurements (Figure 5B) are 
combined to display the inter-individual variability in Mg/Ca (average per individual ± 1 
standard deviation). For both panels, dotted horizontal line is the average element/Ca of all 
individuals and accompanying dark grey box represents 1 standard deviation.
 
 Figure 8: Mg/Ca-T relationship for cultured A. tepida. All culture data (Raitzsch et al., 2010; 
Dissard et al., 2010a; 2010b; Dueñas-Bohórquez et al., 2011b; this study) are from individuals 
grown at similar salinity (32-35) and inorganic carbon chemistry (e.g. pH 8.1-8.4 and [CO32-]
of 160-	
	
				
these studies. 
Table 1: Settings and details of the different laser systems employed in this study. 
Laboratory Bremen Utrecht Kiel 
Manufacturer NWR Geolas 200Q NWR 
Laser 193 nm solid state 193 nm Excimer 193 nm Excimer 
Energy density ~0.35 GW/cm2 ~1 J/cm2 ~1 J/cm2 
Laser spot size 35/ 75 µm 40 µm 25/ 50 µm 
Ablation frequency 5 Hz 7 Hz 4/ 5 Hz 
Results Figure 5 and 7 Figure 4A, B Figure 4B, C 
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Table 2: Reproduction, growth and amount of calcite available for chemical analyses. Dextral 
coiling is clockwise addition of chambers on the spiral side: sinistral is anti-clockwise. 'n.d.'= not 
determined. 
 
 Clone Group 1 Clone Group 2 Clone Group 3 
Number of juveniles 244 116 103 
Incubation time (days) 21 17 17 
Chambers after incubation 14.7 ± 2.0 (n=94) 12.2 ± 2.1 (n=96) 5-7 (n=50) 
Mean growth rate (chambers 
added/ day) 
 
0.70 
 
0.72 
 
0.35 
Dextral coiling 52% (n=94) 35% (n=55) n.d. 
Sinistral coiling 48% (n=94) 65% (n=55) n.d. 
Individuals analyzed for 
element/Ca 
 
10 
 
5 
 
10 
Chambers analyzed for 
element/Ca  
 
111 
 
42 
 
32 
 
 
 
 
 
 
 
Table 3: different levels of variability in Sr/Ca and Mg/Ca. The variability within test walls was 
determined on 12 individuals, displaying relatively high within-wall variability in Mg/Ca. The 
associated average standard deviation for these ablation profiles is ~40% of the average Mg/Ca. 
Calculated standard deviation for the inter-individual level is based on averages for the 22 
individuals and the range in standard deviations for the clone groups represent the variability 
within these three groups. 
 Sr/Ca Mg/Ca 
Range (min-max in 
mmol/mol) 
SD Range (min-max 
in mmol/mol) 
SD 
Within test 
walls (n=12) 
1.0 - 2.5 0.39/ ablation 
profile 
1.1 - 14 1.9/ ablation 
profile 
Inter-chamber 
(n=173) 
1.2 - 2.0 0.13 1.7 - 7.0 1.2 
Inter-individual 
(n=22) 
1.4 - 1.7 0.084 2.5 - 5.0 0.72 
Within clone 
group (n=3) 
1.56 0.11 - 0.16 3.33 - 3.68 0.80 - 1.2 
 
 
 
